Abstract. To identify dominant acoustic sources in flows around a two-dimensional square cylinder in a uniform flow for the freestream Mach number from 0.2 to 0.6, the contributions of each term in acoustic sources in the Curle's and Lighthill's equations on the acoustic field are investigated. The acoustic fields are predicted by the direct simulations, and are decomposed into those based on each acoustic source. The results show that the contributions of the sound by the quadrupoles in the Curle's equations are not negligible for M ≥ 0.4. It is also clarified that the momentum term of the Lighthill's acoustic source is the dominant acoustic source for all the Mach numbers.
Introduction
Aerodynamic noise is a big issue for rapid transport vehicles because the intensity increases in proportion to the 6th-8th power of the velocity. Also, the sound generated by a cylinder in a uniform flow is known as the aeolian tone. Strouhal [1] found that the frequency of the tone is identical to the vortex shedding frequency. Such a tone has a narrowband spectrum and uncomfortable for surrounding people. To predict the radiating aerodynamic noise numerically during design of industrial products can be helpful for the reduction of development cost of products.
There are major two ways to predict the aerodynamic noise. One is direct numerical simulation, where flow and acoustic fields are directly solved. The other way is hybrid simulation based on the Lighthill's acoustic analogy [2] . Lighthill derived the nonhomogeneous wave equation as shown in Eqs. (1) and (2) from the compressible Navier-Stokes equations. (1) where ρ is density, a 0 is the freestream sound speed and the tensor T is defined by:
where v i is velocity, p is pressure, the tensor τ is the viscous stress tensor and ∂ 2 T ij /∂x i ∂x j is referred to as the Lighthill' s acoustic source. The first, second, and third terms of the Lighthill' s acoustic source are related to the momentum, entropy, viscosity, respectively. In the hybrid simulations, the Lighthill's acoustic source is computed from flow simulations and an acoustic simulation is separately performed based on those sources. Also, for aerodynamic sound around a static body in a fluid stream, Curle [3] has shown through analytical solution of the Lighthill' s equation [2] that dipole sources related to the surface pressure fluctuations around the body and quadrupole sources exist. Inoue and Hatakeyama (2002) modified the Curle' s solution considering the Doppler effects, and showed that the acoustic fields predicted by the proposed equation agree well with those predicted by their direct simulations for a low freestream Mach number M ≤ 0.3.
Despite many investigations into the aeolian sound around a cylinder, the quantitative contributions of the second and third terms in the Lighthill' s acoustic source to the acoustic field are not clarified. In the present paper, aerodynamic sound radiated from a two-dimensional square cylinder in a freestream is focused on. The objective is to identify the contributions of the above-mentioned acoustic sources in the Curle' s and Lighthill' s equations for a relatively high Mach number from 0.2 to 0.6.
Numerical Methods

Flow Configurations
The flow around a two-dimensional square cylinder, as shown in figure 1 , is investigated. The computations are performed for M = 0.2, 0.3, 0.4, 0.5, and 0.6. The Reynolds number based on the freestream velocity and the side length of the cylinder is set to 150, where three-dimensional instability does not occur [4] . Here, the two-dimensional phenomena related to the vortex shedding from the cylinder are focused on. The fluid is assumed to be standard air. Sutherland's formula is used for the viscosity coefficient. 
Direct Aeroacoustic Simulation
Both flow and acoustic fields are solved by the two-dimensional compressible Navier-Stokes equations in a conservative form, which is written as:
where Q is the vector of the conservative variables, E and F are the inviscid fluxes, and E v and F v are the viscous fluxes. The spatial derivatives are evaluated by the sixth-order-accurate compact finite difference scheme (fourth-order-accurate on the boundaries) [5] . Time integration is performed by a third-order-accurate Runge-Kutta method. It has been confirmed that the aerodynamic noise can be correctly predicted by using methods [6, 7] .
Contributions of Dipole and Quadrupole Sources
To identify the contributions of dipole and quadrupole acoustic sources in Curle' s equation [3] , the fluctuation pressure ∆p = p -p mean predicted by the direct simulation is decomposed into 2 components of ∆p d and ∆p q . The sound pressure based on the dipole sources, which is hereafter referred to as dipole sound, is defined as
where the ∆p d contains the Doppler effects, a θ is the acoustic propagation speed in the angle θ, and τ is t -r/a θ (Inoue 2002). Also, F x ' and F y ' are the time derivatives of the forces exerted on the fluid by the cylinder. Also, the sound pressure based on the quadrupole sources, which is hereafter referred to as quadrupole sound, is defined as
Hybrid Simulations Based on the Lighthill's Acoustic Analogy
The two-dimensional Lighthill's equation Eqs. (1) and (2) are solved using the open-source software, FrontFlow/blue-Acoustics. Here, the acoustic simulations are performed in a frequency domain using a finite element method.
To clarify the contributions of each term to the acoustic field, four acoustic simulations on the basis of the total Lighthill's acoustic sources T ij , the first term related with momentum, T ij 1 , the second term related with entropy, T ij 2 , and the third term related with viscosity, T ij 3 , in Eq. (2) were performed for each Mach number. Figure 2 shows the contours of the second invariant of the velocity gradient tensor q = ||Ω|| 2 −||S|| 2 is computed for M = 0.4, where Ω and S are, respectively, the asymmetric and symmetric parts of the velocity gradient tensor. Regions with q > 0 represent vortices. The periodic vortex shedding was clarified to occur. Figure 3 shows the contours of the fluctuation pressure for M = 0.4. As shown in Figs. 2 and 3, when a vortex is shed from a side of the cylinder, an expansion wave is radiated on that side. This relationship of the vortex shedding and acoustic radiation was independent of the freestream Mach number, and consistent with the past computational results for flows around a circular cylinder [8] . Figure 6(a) shows the polar plots of the sound pressure levels at r/D = 30.0 based on the total, first (momentum), second (entropy), and third (viscosity) terms in the Lighthill's acoustic sources for M = 0.4. It was clarified that the sound pressure level based on the total term agrees well with that based on only the first term. The sound pressure level based on the second term and that on the third term are negligibly weaker than that based on the first term. Figure 6 (b) shows that the first term is the dominant acoustic source for all the Mach numbers. The difference between the sound pressure level based on the first term and that based on the second or third term was more than 30 dB for all the Mach numbers. Consequently, it was confirmed that only the first term related with the momentum needs to be taken into consideration independently of the freestream Mach number when predicting the sound radiating from a cylinder flow on the basis of the Lighthill' s equation.
Results
Acoustic Radiation from Cylinder Flow
Summary
To investigate the contributions of each acoustic source in the Curle's and Lighthill's equations to the acoustic field, the total acoustic field was predicted by the direct simulation and was decomposed into those based on each acoustic source. The Mach number was varied from 0.2 to 0.6. The Reynolds number based on the side length was 150. The present results indicate that the quadrupole sound needs to be taken into consideration when predicting the flow-induced sound around the cylinder for M ≥ 0.4. Moreover, the momentum (first) term of Lighthill's acoustic source was found to be dominant for all the Mach numbers. The difference between the sound pressure level based on the momentum (first) term and that based on the entropy (second) or viscous (third) term is more than 30 dB for all the Mach numbers.
